Abstract
Fourier transform spectra of aziridine (C 2 H 4 NH) were recorded at high resolution (0.002 or 0.003 cm -1 ) in the 600-1750 and 1750-4000 cm -1 regions, using a Bruker IFS125HR
(an upgraded version of the IFS120HR) spectrometer, located at the LISA facility in Creteil.
In parallel, the harmonic force field of aziridine was evaluated analytically at the optimized geometry with second-order Møller-Plesset perturbation theory (MP2) together with the correlation-consistent polarized valence triple zeta basis sets cc-pVTZ. These ab initio predictions were used to perform consistent vibrational assignments for the ν 1 to ν 17 fundamental bands of aziridine observed in the infrared spectra recorded during this study.
Finally, a first detailed rotational assignment was performed for two B-type bands located at 772.3571 cm -1 (ν 10 , CH 2 rock) and 997.1592 cm -1 (ν 8 , NH bend) and for an A-type band located at 904.0429 cm -1 (ν 17 , ring deform). We noticed that the ν 10 band is weakly perturbed, 
Introduction
Aziridine, c-C 2 H 4 NH, also called ethylenimine, is a three-membered heterocycle with an amine group. Its rotational spectrum has already been studied in details (see Refs. [1] [2] [3] and references herein). It is an oblate top (Ray's asymmetry parameter, κ = +0.670) which makes its centrifugal distortion analysis more difficult [3] . It is a molecule worth to be studied because of its potential astrophysical interest [1] [2] [3] . Aziridine is indeed a possible interstellar molecule candidate since many small nitrogen derivatives and epoxide [4] have already been observed in the Interstellar Medium. It could also be detected in the atmosphere of Titan [5] .
Despite its interest, there is not much information on its infrared spectrum. As far as we know, the most recent papers are by Potts [6] Mitchell et al. [7] and by Gunasekaran and Uthra [8] . These authors proposed assignments for all fundamentals bands, based on low resolution Raman [6, 8] and infrared spectra [6] [7] [8] recorded for vapour phase and liquid phase for the main isotopic species of aziridine. In addition Mitchell et al. [7] used for its analysis infrared spectra recorded for imine-deuterated and 15 N isotopologues [7] .
First let us mention that, according to [6, 7] , no fundamental bands exist below 600 cm -1 and this is confirmed by the present study (See below). Therefore the analysis performed by Gunasekaran and Uthra [8] who assigned the first three fundamental vibrational bands of ethyleneimine at 526, 563, and 654 cm -1 respectively, is clearly incorrect and will not be considered further in the text. When comparing the experimental study performed by Mitchell et al. [7] and Potts [6] few of their vibrational assignments differ. On the otherhand some of their results are not compatible with the results of high-level ab initio calculations as shown below. For this reason, we have recorded at high resolution the infrared spectra of aziridine and reassigned all fundamental bands using all available experimental informations as well as results of ab initio calculations.
Finally, the rotational analysis of the ν 8 , ν 10 and ν 17 bands was also undertaken and allowed us to determine both rotational and vibration rotation interaction constants which were compared to the ab initio predictions.
The present paper is organized as follows. Section 2 summarizes the experimental details. Section 3 describes the ab initio computational details. Using the ab initio predictions, the vibrational assignments for the ν 1 to ν 17 bands were performed as described in Section 4.
For the ν 8, ν 10 and ν 17 bands, a detailed rotational assignment could be performed (section 5). 
Experimental details:
C 2 H 4 NH was prepared starting from 2-chloroethylamine hydrochloride (99 % stated purity, Sigma Aldrich) and sodium hydroxide (≥ 98 % stated purity, Sigma Aldrich). In a flask equipped with a reflux condenser, 2-Chloroethylamine hydrochloride (58 g, 0.5 mol), 90 ml of water and sodium hydroxide (60 g, 1.5 mol) were heated at 50°C for 2 hours. The solution was then distilled at reduced pressure until 70 mL of distillate had been collected.
The cooled distillate was mixed with 35 g of sodium hydroxide, and the amine was distilled at atmospheric pressure through a one-foot column packed with glass helices. A 50 % sodium hydroxide solution was run in slowly at the top of the column during the distillation. The pot temperature did not exceed 70°C during the distillation. The aziridine was stored over a few pellets of sodium hydroxide. The yield ranges between 20 and 39 % in function of the efficiency of the stripping operation and the condensation of the low-boiling distillate but the yield of the Ref. [9] (73 %), has never been obtained.
The White-type multipass absorption cell, made of pyrex glass and equipped with CsBr windows, was connected to the Fourier transform spectrometer with a dedicated optical interface (six mirrors) inside the back sample compartment of the Bruker spectrometer. Its base length is 0.80 m, and, for the experiment described here, an optical path of 19.249 m was used. This value takes into account the distance between the surface of the field mirror and the windows of the cell (2 × 2.45 cm). The following procedure was used for measurements: first a background spectrum was collected while the cell was being continuously evacuated; next the infrared gas cell was treated with C 2 H 4 NH vapour several times, until no proton exchange with the surface could be detected and, for the final measurements sample pressures of 0.0341
(1) and 0.1188 (5) hPa were used. Sample pressure in the cell was measured using a calibrated MKS Baratron capacitance manometer (2 hPa full scale) which has a stated uncertainty of 0.12 % of full scale, according to the manufacturer. The absolute uncertainty given for the sample pressure is the sum of 0.12 % and 0.3 % for the variation of the pressure during the recording of the spectra. This gives an estimation of 0.42% on the pressure.
The infrared spectra of C 2 H 4 NH used in this study were recorded at high resolution in the spectra were recorded at a stabilized room temperature of 22°C. Both spectra were ratioed against the empty cell, single-channel background spectrum which was taken at a resolution of 0.512 cm -1 , in order to ensure the best possible signal-to-noise in the ratioed spectra. The spectra were the result of the co-addition of 570 interferograms. For the Fourier transform a Mertz-phase correction, 0.5 cm -1 phase resolution and boxcar apodization function were applied to the averaged interferograms. The spectra were calibrated using residual CO 2 and H 2 O lines observed in the spectra, with their wavenumbers taken respectively from HITRAN08 [10] resulting in an accuracy of 0.0002 cm -1 (RMS) for well isolated lines.
Ab initio computational details
The harmonic force field of aziridine was evaluated analytically at the optimized geometry with second-order Møller-Plesset perturbation theory (MP2) [11] together with the correlation-consistent polarized valence triple zeta basis sets cc-pVTZ [12] . The coupled cluster method with single and double excitations [13] and a perturbative treatment of connected triples [14] [CCSD(T)] with the cc-pVTZ basis set was also used. The Kohn-Sham density functional theory [15] using Becke's three-parameter hybrid exchange functional [16] and the Lee-Yang-Parr correlation functional [17] , together denoted as B3LYP was also used with the split-valence basis set 6-311G, as implemented in Gaussian03 (G03) [18] , including appropriate polarization functions. It is indeed well established that multiplying the B3LYP harmonic frequencies by a scaling factor close to one (0.96-0.98) permits to obtain a rather accurate estimate of the fundamental frequencies [19] .
In order to estimate the vibrational anharmonicity constants, the rotation-vibration interaction constants, and the Fermi interaction constants, the cubic (φ ijk ) and semi-diagonal quartic (φ ijkk ) normal coordinate force constants were determined at the same reference structure with the use of a finite difference procedure involving displacements along reduced normal coordinates (with step size ∆q = 0.03) and the calculation of analytic Cartesian second derivatives at these displaced geometries [20, 21] using the MP2/cc-pVTZ method. The evaluation of anharmonic spectroscopic constants was based on second-order rovibrational perturbation theory [22] . The ab initio calculations described in paragraph 3 were able to predict the band positions and intensities for aziridine fundamental bands. From these predictions, which are quoted in Table 1 , it was easy to assign unambiguously the strong and well isolated fundamental bands in the observed experimental spectrum. Accordingly the positions measured in this work for the ν 2 , ν 8 , ν 9 , ν 11 and ν 17 bands differ only marginally from those given previously in the literature [6, 7] .
On the other hand, for medium intensity bands, such analysis is more difficult. In this case reliable and unambiguous vibrational assignments could be achieved only by performing detailed comparisons between theoretically-modeled and observed spectra.
To model the absorption for a given ν i fundamental band (with i = 1 to 18), an approximate list of line positions and intensities was generated using the theoretical methods which are described in the next paragraph. The parameters necessary for these computations, Table 2 are those deduced from the ab initio calculations. More explicitly, for the computation of the v i = 1 upper state energy levels, we used the vibrational energy E i which was adjusted slightly starting from its ab initio value (Table 1) , and the Table 2 in order to better reproduce the experimental spectra. Let us stress indeed that for hybrid bands, it is important to have a good value of the ratio Fig. 2 gives an overview of the aziridine spectrum in the 720 to 1050 cm -1 spectral range. As expected from symmetry consideration, the ν 17 band at 904 cm -1 exhibits a narrow A-type Q structure. On the other hand, the ν 10 , ν 9 and ν 8 bands, which should be hybrid, are in fact pure B-type bands, and this is what is indeed predicted by the ab initio calculations.
The vibrational assignments deduced in this way differ from the ones obtained from previous studies [6, 7] for several bands . For example, as can be seen on Fig. 3 , the band located at 1266.67 cm -1 is the hybrid B-and C-type ν 5 band, with a strong C-type character, while in Refs. [6, 7] the Q structure near 1268 cm -1 was erroneously identified as the A-type ν 14 band.
On the other hand the ν 14 band is presently located at 1237 cm -1 . Fig. 4 shows a detailed view of the 3070-3090 cm -1 spectral region. It is clear that the ν 2 band at 3079.6 cm -1 is a C-type band which is significantly stronger than the A-type ν 11 band at 3083.73 cm -1 . In Refs. [6, 7] both bands were assigned at 3079 cm -1 .
Finally we were unable to identify the ν 18 band (CH 2 rock) which is expected to be extremely weak on the basis of the ab initio prediction. This band which is assumed to be observed near 817 cm -1 is in fact completely blended (see Fig. 2 ) under the stronger ν 10 and ν 9 bands.
During this work it was also possible to perform a detailed rotational analysis of the is not relevant for this infrared study. Table 3 gives the (A,I r ) rotational Hamiltonian used during the present study. The rotational and centrifugal distortion constants quoted in the last column of Table 2 of Ref. [3] and gathered in Table 4 of this work were used for the computation of the ground state levels during all this study. For the upper vibrational states, the preliminary values of the rotational constants were computed from the X i α vibration rotation interaction constants predicted by the ab initio calculations, and using the approximation:
(with X = A, B and C) Eq. (1) In this expression, the X 0 are the ground state rotational constants of Ref. [3] , while the centrifugal distortion constants were maintained at their ground state values during the first calculations.
The line intensities calculations were performed using the method described elsewhere [26] , and the first order derivatives, of the dipole moment operator deduced from ab initio calculations.
Using these predictions, some low and medium J and K a transitions in the ν 10 , ν 8 and ν 17 bands were assigned. Then, using the ground state parameters of Ref. [3] , the lower state The same procedure was tentatively applied for the B-type ν 9 band at 855.94 cm -1 .
However at a given level, it appeared that this band is extremely perturbed: we think that The results of the energy levels calculations proved to be rather satisfactory, as can be seen from the standard deviation and statistical analysis given in the lower part of Table 5 .
It is interesting to compare the observed and calculated spectra. Figure 2 shows the overview of the observed and calculated spectra in the 720 cm -1 to 1050cm -1 region. The perturbed ν 9 band, whose analysis is in progress, is not plotted on the calculated spectrum.
Figures 5 and 6 show portions of the Q branch of the ν 10 and ν 17 bands, respectively. Fig. 7 gives a portion of the R branch of the ν 8 band. In each case the agreement between the observed and calculated spectra is excellent.
Finally the values of the experimental X i α vibration rotation interaction constants are compared in Table 6 to these ab initio values, showing a reasonable agreement for the three bands under study.
Conclusion
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Caption :
a: Harmonic frequencies calculated at the B3LYP/6-311+G(3df,2pd) level of theory, see text. b: CCSD(T)/cc-pVTZ for the harmonic part and MP2/cc-pVTZ for the anharmonic correction. c: Band intensity in km/mol, calculated with the double harmonic approximation at the CCSD(T)/cc-pVTZ level of theory. d: Ref. [6] . e: Ref. [7] . f: High resolution study (this work). g: For these bands, only the band center could be determined (this work). h: This band is a dark band. 
Caption:
i (i = 1, 18) are the eighteen molecular vibrational modes (see Table 1 ). 
Caption :
The vibrational energies are in cm -1 , and all other parameters are in MHz, KHz, Hz or mHz.
The quoted errors are one standard deviation. Results of the analyses of the ν 10 , ν 17 and ν 8 bands.
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